Patients with sickle-cell disease (SCD) suffer from tissue damage and life-threatening complications caused by vasoocclusive crisis (VOC). Endothelin receptors (ETRs) are mediators of one of the most potent vasoconstrictor pathways in mammals, but the relationship between vasoconstriction and VOC is not well understood. We report here that pharmacological inhibition of ETRs prevented hypoxia-induced acute VOC and organ damage in a mouse model of SCD. An in vivo ultrasonographic study of renal hemodynamics showed a substantial increase in endothelin-mediated vascular resistance during hypoxia/reoxygenation-induced VOC. This increase was reversed by administration of the dual ETR antagonist (ETRA) bosentan, which had pleiotropic beneficial effects in vivo. It prevented renal and pulmonary microvascular congestion, systemic inflammation, dense rbc formation, and infiltration of activated neutrophils into tissues with subsequent nitrative stress. Bosentan also prevented death of sickle-cell mice exposed to a severe hypoxic challenge. These findings in mice suggest that ETRA could be a potential new therapy for SCD, as it may prevent acute VOC and limit organ damage in sickle-cell patients.
Introduction
Painful vasoocclusive crisis (VOC) is one of the major and specific manifestations of sickle-cell disease (SCD). VOC is a complex process involving hemoglobin S polymer formation and poorly deformable dense rbcs, leading to vasoocclusions of capillaries and postcapillary venules due to activated endothelium entrapping hyperadhesive sickle rbcs, reticulocytes, and leukocytes (1, 2) . These multiple local ischemic events cause tissue damage and life-threatening complications (1, 2) . We hypothesized that this complex scenario is worsened by vessel contraction. Endothelin-1 (ET-1) is a potent vasoactive peptide and is released by activated endothelial (3, 4) and nonendothelial (5, 6) cells after local tissue hypoxia and low NO availability. In SCD, plasma concentrations of endothelin and other endothelial markers have been reported to be abnormally high (7) (8) (9) . We have recently shown that the difference between urinary ET-1 concentrations in SCD and in controls was greater than the difference in plasma ET-1 concentrations, suggesting high local renal production of ET-1 in SCD patients (10) . However, the pathophysiological relevance and biological effects of ET-1 in SCD in vivo are unknown. Increased plasma and urinary levels of ET-1 in SCD may be late events related to hypoxiaor inflammation-induced cell activation, damage, and/or death rather than being directly involved in pathophysiological events in acute VOC. Consequently, it would be useful to determine ET-1 concentrations in damaged tissues and conduct functional studies of ET receptors (ETRs) in vivo. In SCD, there are contrasting perfusion profiles in the circulatory system: hypoperfusion in microcirculatory beds occluded by sickled, dense erythrocytes and hyperperfusion in the systemic macrocirculation associated with various regional vascular circuits. Kidneys and lungs are particularly vulnerable to acute VOC because of their anatomical features (11) (12) (13) . The renal medulla has substantial epithelial metabolic activity, with high oxygen demand, hyperosmolarity, and low pH and is thus very susceptible to hypoxia. Damage to the renal medulla is a common feature of SCD patients (14, 15) . The extremely large capillary network of the pulmonary circulation is a low pressure system which is frequently subjected to acute ischemic insults, leading to acute pulmonary hypertension (16) .
We assessed the in vivo effects of the dual endothelin receptor antagonist (ETRA) bosentan (17) on resistive microvascular beds and in particular in the renal vasculature of transgenic mice expressing human hemoglobin SAD (α2β2 SAD ) (18) . SAD mice, used as models for SCD, have the advantage of suffering experi-mental acute vasoocclusive events when subjected to controlled hypoxia/reoxygenation (H/R) (19) ; H/R induces lung injury in these mice, closely mimicking the vasoocclusive pathology of patients with SCD (19, 20) . We evaluated the effects of H/R in the kidney in the same model of acute VOC and tested to determine whether ETR antagonism prevents hypoxia-induced sicklecell-related organ damage. We also confirmed the presence of ETR type B (ETB) on mouse red cells and evaluated the effects of ETR antagonism on rbc dehydration in vivo. Note that the stimulation of the Gardos channel pathway by ET-1 in isolated human and mouse rbcs has been reported previously. Indeed, the Gardos channel cascade that induces loss of potassium (K + ) and water (21) (22) (23) contributes to generation of dense rbcs that is thought to play an important role in the pathophysiology of SCD.
We found that ETRA treatment specifically protected SAD mice against systemic and tissue inflammation, kidney and lung damage, and death from experimental acute SCD events.
Results
Production of preproET-1 mRNA in kidney. Levels of preproET-1 mRNA in kidney were higher in SAD mice than in WT mice at steady state ( Figure 1A ). The mRNA in SAD mice was restricted to the endothelial cells of the kidneys (Figure 1 , C and E) and the lungs (not shown), indicating an abnormal phenotype of the endothelium in this mouse model.
Acute endothelin receptor blockade restores renal blood flow after H/R. We investigated the role of ETR-mediated vasoconstriction in the increase in renal vascular resistance during H/R-induced acute VOC. To this end, we assessed cardiac output (CO) and renal blood flow velocity at steady state (normoxia) and during H/R-induced VOC, with or without acute bosentan treatment.
At steady state, ultrasonography-Doppler measurement of CO and blood flow velocity in the renal arteries showed no significant differences between normal and SAD mice ( Figure 2, A and B) . In contrast, H/R induced a significant decrease in mean renal blood velocities in SAD mice (P < 0.01; Figure 2 , B and C, and Supplemental Video 1; supplemental material available online with this article; doi:10.1172/JCI33308DS1). The magnitude of renal perfusion impairment exceeded the diminution in CO, and there was no effect on systolic blood pressure (not shown). This suggests that the substantial increase in renal vascular resistance was supported by the large fall in end-diastolic velocities and time-averaged mean blood velocities in untreated SAD mice (Figure 2 , B and C, and Supplemental Video 1). We then infused SAD and WT mice with either bosentan or vehicle alone. In SAD mice, bosentan restored 50% of the fall in renal blood velocities within 10 minutes, implicating ET-1-mediated vasoconstriction in H/R-induced acute events (P < 0.01 vs. before bosentan infusion) ( Figure 2 , B and C, and Supplemental Video 1). In contrast, acute infusion of the calcium channel blocker nicardipine failed to promote a significant increase in mean renal blood flow velocity in SAD animals (6.5 ± 0.73, 6.8 ± 1.0, and 5.4 ± 0.6 cm/s at baseline after H/R and 5 and 10 minutes after nicardipine infusion, respectively; NS versus before nicardipine infusion).
Bosentan prevents sickle-cell-related vasoocclusive events: hemodynamic and histopathological studies. Administration of bosentan for 14 days prevented H/R-induced alterations in renal blood flow in SAD mice. The cardiac and renal hemodynamics of these mice, insensitive to H/R, were similar to those observed in WT mice (Figure 2 , D and E).
Given the substantial effect of bosentan on renal hemodynamics, we sought to determine the preventive effects of bosentan on renal and lung pathology as well as effects on other cellular targets for ET-1, including rbcs and leukocytes, that harbor ETRs. SAD mice exposed to H/R have kidney and lung abnormalities similar to those associated with acute sickle-cell vasoocclusive events. Histological analysis of the kidneys of H/R-exposed WT mice showed no injury ( Figure 3A ), whereas SAD mice had marked congestion in peritubular capillaries and glomerular abnormalities. Cortical peritubular capillaries and capillaries in the medulla were all substantially congested due to entrapment of rbcs ( Figure  3A ). Glomeruli were also highly congested and had enlarged capillary loops ( Figure 3A and Supplemental Figure 1 ). These findings are similar to histopathological findings in other sickle-cell mouse models of renal ischemia (24) and to human SCD kidney abnormalities (25) . Lungs from H/R SAD mice had substantial focal vascular congestion, constriction, generation of thrombi, and mononuclear infiltration into the tissue as previously described (20) (Figure 3B and Supplemental Table 1) .
PreproET-1 mRNA was more abundant in SAD than WT mouse kidneys, and bosentan prevented the H/R-induced increase in renal vascular resistance, so we investigated whether ETR antagonism protects kidneys and lungs from acute vasoocclusive events in SAD mice. We determined the proportion of congestive glomeruli per kidney slice and the rbc content per glomerulus assessed by image analysis of the area occupied by rbcs in WT and SAD mice at steady state and after 18 hours hypoxia with 2 hours reoxygenation follow-
Figure 1
PreproET-1 mRNA levels are higher in sickle-cell mice than in WT mice at steady state. (A) Realtime RT-PCR analysis of preproET-1 from kidneys of C57BL/6J (WT) and SAD mice at steady state (normoxia). n = 5 to 7 animals per condition. *P < 0.05 versus WT. (B-E) In situ hybridization for preproET-1 mRNA in kidneys from WT and SAD mice in steady state. PreproET-1 mRNA in small vessels is restricted to endothelial cells in the kidney cortex of (B) WT and (C) SAD mice. PreproET-1 mRNA is substantially more abundant in (C) afferent arterioles and (E) glomerular capillaries in SAD mice than in (B and D) WT mice. Original magnification, ×400 (B and C); ×600 (D and E).
ing 8 days of bosentan or placebo administration. There was no significant change in the proportion of congested glomeruli or in rbc area per glomerulus in WT mice. In placebo-treated SAD mice, the rbc area per glomerulus was larger than that in WT mice (165% of the WT value) (P < 0.001). In bosentan-treated SAD mice, however, this difference was much smaller (125% of the WT value) (P < 0.01 versus vehicle-treated SAD), indicating that bosentan inhibited congestion in peritubular capillaries and glomeruli (Supplemental Figure 1 , A and B) and entrapment of sickled rbcs. Accordingly, the overall proportion of histologically congested glomeruli was substantially reduced by ETRA (Supplemental Figure 1C) .
We also found that lungs from H/R SAD mice treated with bosentan had less vascular congestion, constriction, and thrombi formation as well as a milder inflammatory response than those of untreated mice (e.g., less mucus filling the bronchi and less inflammatory cellular infiltration) ( Figure 3B and Supplemental Table 1 ).
The ETRA prevents ET-1-induced in vitro activation of the Ca 2+ -activated K + channel and affects hypoxia-induced in vivo formation of dense red cells in SAD mice. ETB has been described to be present in erythroid cells (21, 23) . We evaluated ETB protein abundance in mouse red cells. ETB is present and similarly abundant in WT and SAD mouse red cells (Supplemental Figure 2) . We measured the in vitro Gardos channel activity in rbcs from WT and SAD mice in the presence of ET-1, with and without bosentan. Bosentan completely prevented in vitro ET-1-induced Gardos channel activation in rbcs from both WT and SAD mice ( Figure 4A ). The combined action of 2 rbc membrane cation transport systems -the K-Cl cotransporter and the Gardos channel -contributes to the generation of dense sickle red cells, so we evaluated the effects of bosentan in vivo on the rbc density profile and K + content in both these mouse strains under normoxic and under H/R conditions. (Figure 4 , B and C). Both rbc K + content and density profiles differed significantly between the 2 mouse strains under normoxic conditions, and the difference was exacerbated after H/R. However, rbc K + content was higher and rbc density lower in SAD mice exposed to H/R and treated with bosentan than in vehicle-treated SAD mice under H/R conditions. These findings suggest that bosentan prevents the ET-1-sensitive part of the hypoxia-induced activation of Gardos channels.
Figure 2
ETRA reverses and prevents the fall in renal blood flow velocity (RBF) in SAD mice. (A-C) Reversal of low renal perfusion in sickle mice by infusion of bosentan. Echo-Doppler measurements of (A) CO and (B) RBF velocity in the renal artery at steady state (white bars) and after H/R in SAD and WT mice before (black bars) and 10 minutes after infusion of bosentan (gray bars). H/R-induced vasoocclusive (VOC) events were associated with blunted CO and significant decreases in mean RBF velocity in SAD mice only. Acute infusion of bosentan restored 50% of the initial loss in RBF velocity within 10 minutes, whereas saline had no effect (not shown). n = 13. *P < 0.05 versus SAD at steady state; **P < 0.01 versus SAD at steady state; # P < 0.05 versus SAD before bosentan infusion. (C) Representative RBF waveforms in WT and SAD mice at steady state and after H/R followed by acute infusion of saline or bosentan. End-diastolic and time-averaged mean velocities were lower in saline-treated SAD mice after H/R than in normoxic WT and SAD mice. Acute ETRA restored end-diastolic and time-averaged mean velocities. (D and E) Prevention of H/R-induced renal hypoperfusion in SAD mice treated for 2 weeks with bosentan. (D) CO and (E) mean RBF velocity were unchanged in bosentan-treated SAD mice, whereas mean RBF velocity decreased by 50% in vehicle-treated SAD mice. All data are means ± SEM from n = 2 experiments. n > 10. ***P < 0.001 versus SAD at steady state; ## P < 0.01 versus vehicle-treated SAD in H/R.
Endothelin receptors contribute to H/R-induced neutrophil recruitment.
Hyperleukocytosis and high neutrophil counts are independent predictors of adverse outcome in SCD (26) . Human and mouse neutrophils express ETRs on their surfaces, but the role of ETRs has not been completely defined (27) . We monitored circulating levels of neutrophils at steady state (normoxia) and after experimental acute VOC in SAD and WT mice. Blood neutrophil counts in SAD mice were significantly higher after 48 hours under hypoxic conditions than under steady state conditions (P < 0.01) ( Table 1) . ETR blockade fully prevented the H/R-induced high neutrophil count in SAD mice and indeed reduced the count to below that in SAD animals at steady state (P < 0.01) ( Table 1 ). The neutrophil count in WT mice was increased 2-fold by H/R; this increase was only one third of that in SAD animals. Thus, in WT animals, ETR blockade also prevented systemic mobilization of neutrophils.
Bosentan inhibits neutrophil migration to the kidney and to the bronchoalveolar space in SAD mice. Polymorphonuclear neutrophil recruitment plays a key role in various models of ischemia-reperfusion damage, as it does in sickle-cell-related acute VOC (28) . Accordingly, total leukocyte ( Figure 5A ) and neutrophil counts ( Figure  5B ) were higher in bronchoalveolar lavage samples from SAD mice under H/R conditions than those at steady state. The increase in cell counts in SAD mice under H/R conditions was reduced by bosentan treatment (P < 0.05).
Myeloperoxidase (MPO) activity is a sensitive index of polymorphonuclear neutrophil activation, inducing substantial oxidative stress and thus promoting ischemia/reperfusion injuries (28) . Exposure to H/R resulted in high renal and lung MPO activity in SAD mice. Treatment with bosentan starting 8 days before H/R resulted in significantly lower MPO activity in these 2 tissues in SAD mice (P < 0.05; Figure 6 , A and B), indicating that bosentan is antiinflammatory in the context of experimental VOC.
Endothelin receptor antagonism prevents increased nitrative stress. Changes in systemic and local inflammation accompanied changes in MPO activity in kidneys and lungs from SAD mice ( Figure 6 , A and B). NO • , O 2
•-, and 3-nitrotyrosine, markers of peroxynitrite-and NO 2
• -induced nitration of proteins (29, 30) , are abundantly generated in sickle-cell mouse kidneys (31, 32) . We evaluated the effects of ETR blockade on nitrative stress during acute VOC by assessing nitration of renal tissues in SAD and WT mice. Immunostaining for nitrotyrosine was substantially stronger in SAD mice under H/R conditions than in WT animals under H/R conditions and in SAD and WT mice at steady state ( Figure 6 , C-E). H/R-induced nitrative stress in the renal cortex in SAD mice was reduced by preventive treatment with bosentan ( Figure 6F ), and the effect of bosentan was even more evident in the kidney medulla ( Figure 6 , G and H).
Bosentan protects against H/R vasoocclusive events-related lethality. SAD mice were subjected to very severe, life-threatening H/R exposure (10 hours in a 6% O 2 atmosphere), previously shown to be lethal for SAD mice. Bosentan treatment completely protected these mice from death (0% mortality versus 83% mortality for SAD mice not receiving bosentan) (P < 0.001; Figure 6I ). None of the bosentan-treated SAD mice died at any time during the experiment, indicating that the effect was durable. No WT mice (whether or not treated with bosentan) died, indicating that death was specifically related to the sickle-cell phenotype.
Discussion
We report that ETR inactivation in a mouse model leads to reversal or prevention of vasoocclusive events, including tissue damage, rbc dehydration, leukocyte recruitment, infiltration of organs with activated neutrophils, nitrative stress, and death. Furthermore, this study is the first, to our knowledge, to demonstrate a rapidly reversible vasospastic component in SCD.
ET-1 levels are abnormally high in plasma and urine from sicklecell patients (7-10). However, ETRs have very high affinity for ET-1 (in the picomolar range) and ET-1 has local cellular actions, so its production in tissue and its activity may well be more relevant than circulating peptide levels as markers. Therefore, we hypothesized that the preproET-1 gene is upregulated in 2 organs, the kidney and the lung, in which acute and chronic injuries are major factors of poor prognosis for SCD (33) (34) (35) . We found that ET-1 is produced at a higher level in the renal and pulmonary microvasculature of SAD mice than WT mice at steady state, consistent with the abnormally high systemic ET-1 levels in sera from SCD patients. ET-1 synthesis has been demonstrated in renal tubules under ischemic conditions (5) and in leukocytes (36) . However, in SAD mice, we detected high levels of ET-1 mRNA but only in the capillary and arteriolar endothelium; ET-1 mRNA was scarce in or absent from kidney epithelial cells, lung epithelial cells, and infiltrating leukocytes.
Stimuli for ET-1 gene upregulation have not been analyzed. In acute VOC, sudden falls in blood flow and shear stress may substantially alter endothelial production of NO, a potent inhibitor of ET-1 synthesis and of its vasoconstrictive effect (37) . Patho- Table 1 In vivo effects of bosentan on reticulocyte and neutrophil blood counts in WT and SAD mice exposed to hypoxia WT WT H/R WT H/R + bosentan SAD SAD H/R SAD H/R + bosentan (n = 6) (n = 6) (n = 6) (n = 6) (n = 6) (n = 6) 
Figure 5
The ETRA bosentan prevents systemic and local inflammation in SAD mice. (A) Effect of orally administered bosentan on total leukocyte and (B) neutrophil alveolar infiltration in H/R-challenged WT and SAD mice. *P < 0.05 versus steady state; † P < 0.05 versus vehicle-treated mice.
physiological conditions associated with SCD, including diminished bioavailability of NO (32, 38) due to cell-free hemoglobin (39), increased oxidative stress (40), local hypoxia, and cytokine release, may promote activation of endothelial ET-1 production with unbalanced and excessive ET-1-mediated vasoconstriction (41, 42) . SAD mice do not display a hemolytic anemia as severe as that observed in most human sickle subjects; this suggests that the shortfall in NO due to cell-free hemoglobin or release of erythrocyte arginase may not be as severe in SAD mice as in patients. This may explain in part why SAD mice experience little spontaneous VOC without a hypoxic challenge. Nevertheless, NO administration has been shown to inhibit VOC-induced lung damage in the same model of H/R-induced VOC (20, 43) . These various observations suggest that an imbalance between ET-1 and NO plays a critical role in SCD. They also indicate that marked hemolysis is not required to activate the pathophysiological activities of ET receptors. Our findings suggest that therapeutic targeting of ETR should be beneficial. For instance, SAD mice chronically treated with bosentan did not display significant systemic or regional hemodynamic changes at steady state and did not show any signs of desensitization to protection against the effects of VOC. From a practical point of view, ETRAs already marketed for other medical indications may be useful for prevention of or therapy for VOC.
We also describe what we believe is a novel paradigm for SCD. We used a noninvasive method to measure renal blood flow velocity in the whole kidney; we show (for the first time, to our knowledge) that up to 50% of the fall in renal blood flow induced by experimental VOC is reversed within minutes by acute ETR antagonism. The fast kinetics of this reversal suggest that only SAD but not WT mice suffered substantial renal vasoconstriction, aggravating blood cell entrapment. However, the remaining half of the H/Rinduced fall in renal blood flow velocity was only slowly reversible (within 4 to 5 hours under normoxic conditions). This suggests that there was an additional vasoconstrictive effect or, more likely, a partially persistent microvascular obstruction by entrapped dense sickle cells and leukocytes; this interpretation was supported by histopathological observations. Bosentan treatment led to rapid reversal of the VOC-induced reduction of pulmonary blood flow and microvascular congestion and prevented death. It is therefore plausible that the pathophysiology in the pulmonary vasculature was similar to that described for the renal vasculature.
Interestingly, reduction of VOC-induced hypoperfusion and tissue damage by ETR antagonism was more substantial in the systems more susceptible to VOCs, e.g., kidneys and lungs, than in less affected vascularized beds, e.g., limbs or the lower mesenteric artery (not shown).
Dense rbcs with an abnormally high HbS concentration (due to loss of K + , Cl -, and water from the cells) are a prominent feature of SCD. The extreme dependence of polymerization kinetics on HbS concentration means that these dehydrated rbcs rapidly sickle when deoxygenated. Blockade of K + loss from the rbc prevents the increase in HbS concentration and reduces rbc sickling. Two ion transport pathways -the K-Cl cotransporter (44) and the Gardos channel (KCa3.1) -play prominent roles in the dehydration of sickle rbcs (45) . The Gardos channel has been linked to the endothelin type B receptor (ETB) in normal and sickle rbcs (21) . It has been shown to be activated in vitro by a high concentration of exogenous ET-1. Our findings confirm these observations in rbcs isolated from normal and SAD mice and provide evidence for ETR-mediated regulation of rbc density in vivo, consistent with recent data
Figure 6
Bosentan prevents increased renal and lung MPO activity, peroxynitrite-induced protein tyrosine nitration in the kidneys, and severe hypoxia-induced death. MPO activity in (A) kidneys and (B) lungs of WT and SAD mice at steady state and after 18-hour exposure to H/R. *P < 0.05 vs. SAD at steady state; # P < 0.05 vs. SAD in H/R. (C-H) Anti-nitrotyrosine staining of kidney sections is strong in SAD mice in the (E) renal cortex and, to an even greater extent, in the (G) renal medulla under H/R conditions. (F and H) Bosentan administration before H/R prevented protein tyrosine nitration in these 2 renal compartments. Original magnification, ×100. (I) Endothelin receptor antagonism with bosentan protects SAD mice from death due to severe VOC after exposure to a 6% O2 atmosphere for 10 hours. Survival curves for vehicle-treated SAD mice are significantly different (P < 0.001) from those for bosentan-treated SAD mice and WT controls. n = 8-12 mice per group.
obtained with a specific ETB antagonist (22) . However, the kinetics of the regulation of rbc hydration and K + content in vivo are slow (several hours) relative to the hemodynamic and antiinflammatory effects of bosentan in this model, which are rapid. This suggests that regulation of rbc hydration and K + content is of minor importance in the experimental therapeutic action of bosentan.
Increased activation and adhesion of leukocytes and, in particular, neutrophils play important roles in the clinical manifestations of SCD. It has been shown in another model of sickle-cell VOCs that human leukocytes adhering to the vessel wall can directly contribute to vascular occlusion in the cremaster muscle of mice through interactions with sickle rbcs. Nearly all patients with SCD have abnormally high leukocyte counts, and epidemiological data indicate that the higher the leukocyte count, the worse the prognosis (26, 46) . Additionally, acute VOCs and acute chest syndrome are associated with high leukocyte and neutrophil counts (33) . Furthermore, other reports of rapid onset of painful crises, acute chest syndrome, and death after administration of G-CSF or GM-CSF (47) (48) (49) suggest that leukocytes and neutrophils are directly involved in the pathophysiology of SCD. Both leukocytes and endothelial cells carry functional ETRs. ET-1 changes rabbit neutrophil deformability and CD11b production in a dose-dependent fashion, leading to increased neutrophil sequestration in pulmonary microvessels (50) . ET-1 is produced by activated endothelial cells (4), but may also be produced by macrophages (36) , thereby increasing vasoconstriction and inflammation. There are no comprehensive studies on the action of ETRs in SCD. However, our findings indicate that preventive ETR antagonism substantially inhibits acute VOC-induced increases in peripheral neutrophil counts, total leukocyte counts, and neutrophil infiltration of the bronchoalveolar space, renal and pulmonary MPO activity, and peroxynitrite-induced tissue damage. The antiinflammatory action of ETR antagonism may be direct or indirect through protective effects against ischemia-induced tissue damage and leukocyte recruitment. It would be valuable to investigate the roles of ETR in the mechanism of SCD-dependent vascular inflammation. If bosentan proves safe and effective for preventing or treating acute vasoocclusive events in the clinical setting, it may provide major benefits for lung and renal integrity, quality of life, and survival of sickle-cell patients.
Methods

Animal model
Animals were used in accordance with the NIH Guide for the care and use of laboratory animals (NIH publication no. 85-23. Revised 1985) , and the study protocol was approved by Services Vétérinaires de la Santé et de la Production Animale, Ministère de l'Agriculture (Paris, France). SAD1 (SAD) Hbb single/single hemizygous mice (18) were used in this study. This strain harbors a recombinant h β -globin gene construct expressing human hemoglobin SAD (α2β2 SAD ), which contains 2 mutations (Antilles [β 23I ] and D Punjab [β 121Q ]) in addition to the β S6V mutation. These 2 additional mutations result in an increase in polymer formation in the presence of mouse hemoglobin. This mouse model of SCD is lethal in utero in the homozygous state, but the hemizygous genotype has a mild SCD with reduced survival, priapism (51) , and kidney defects (18, 51) that are typical of SCD. This strain is bred on the C57BL/6J genetic background (> 12 backcrosses).
H/R model for acute sickle-cell vasoocclusive events
The experimental setting has been described previously (20) . Congenic C57BL/6J transgenic SAD mice and littermates were used. Control and SAD mice were divided into 8 groups of 6 to 12 mice each. Four groups were kept under steady state conditions (normoxia), and the other groups were exposed to hypoxia (8% O2) for 18 or 46 hours followed by 2 hours normoxia. In another set of experiments, WT and SAD mice were exposed to 10% O2, and the O2 concentration was reduced to 6% over 2 hours; the mice were then maintained in 6% O2 for 10 hours.
The ETRA
In acute experiments, isoflurane-anesthetized mice were infused with the dual endothelin receptor antagonist bosentan (sodium salt, RO-47-0203/001; 20 mg/kg) in 100 μl of 0.9% saline through the retroorbital sinus. Vehicle (0.9% saline) or 20 mg/kg of the calcium channel blocker nicardipine were i.v. injected as controls. In chronic experiments, bosentan or Tracleer was mixed with powdered food supplied to the animals at an active dose of 100 mg/kg/d for 14 days (this dose was chosen based on the findings of preliminary pharmacokinetic studies). Bosentan was provided by Actelion.
Real-time RT-PCR and in situ hybridization analysis of preproET-1 mRNA
PreproET-1 mRNA in tissues was assayed by real-time RT-PCR. Total RNA was extracted from samples of one-fourth of a kidney by the Trizol method and reverse transcribed with SuperScript II (Invitrogen). The QuantiTect SYBR Green PCR Kit (QIAGEN) was used to amplify cDNA for 40 cycles on an ABI PRISM 7000 thermal cycler.
The 18S reference primer sequences were 5′-GAGCGAAAGCATTT-GCCAAG-3′ and 5′-GGCATCGTTTATGGTCGGAA-3′. PreproET-1 was amplified with the primers 5′-TTCCCGTGATCTTCTCTCTGC-3′ and 5′-CTGCACTCCATTCTCAGCTCC-3′. Amplification products were compared with a range of preproET-1 and 18S amplicons from normal kidney cDNA. A mouse preproET-1 probe was generated from lung cDNA by PCR with 5′-ATCAGAGCGACCAGACACCG-3′ and 5′-ATGTGCTCGGTTGT-GCGTCA-3′ oligonucleotides. This 707-bp fragment was inserted into pGEM-T (Promega). Probes were labeled by in vitro transcription, and in situ hybridization was performed as previously described (52) .
Noninvasive ultrasound study of cardiac and renal hemodynamics
Ultrasound examination was carried out under light anesthesia, such that mice could be restrained without ligature.
Anesthesia. Isoflurane (0.75% isoflurane in 100% O2) was administered through a vaporizer (model 100-F; Ohio Medical Instruments). Isoflurane induction was performed by the same individual over a 2-minute period in an isolation chamber and anesthesia was maintained by spontaneous breathing of the same mixture at a flow rate of 5 l/min through a small nose cone. A small plastic bag surrounding the nose cone was attached to wall suction and used to scavenge excess gas. The gas mixture with 0.75% isoflurane was sufficient to obtain sedation without substantial cardiorespiratory depression. We used an echocardiograph (Vivid 7; GE Medical Systems ultrasound) equipped with a 12-MHz linear transducer (12L). Data were transferred online to an ultrasound image workstation for subsequent analysis (PC EchoPAC; GE Medical Systems ultrasound).
Preparation for imaging. After sedation, the mice were shaved to improve probe contact and then placed in the decubitus position. The ultrasound device was placed on the left side of the abdomen for ultrasound analysis of the kidneys. The mice were then placed in the left lateral decubitus position and the ultrasound device placed on the anterior part of the chest for CO acquisition. Placing the transducer in these positions avoided putting pressure on the abdomen and chest, as pressure alone may cause bradycardia and hypotension. The mice were laid on a heating blanket (38°C) to avoid hypothermia induced by anesthesia affecting cardiac function and heart rate.
Measurements of kidney size and blood flow velocity in the renal arteries. Twodimensional ultrasound imaging was used to measure kidney sizes. A leftsided longitudinal B-mode image of the abdomen showed the aorta between the 2 renal arteries, allowing measurements of the width and the height of the right and left kidneys; the transducer was slightly displaced from one kidney to the other. Imaging depth was set at 2 to 3 cm when the zoom was used, and the frame rate was approximately 50 frames/s. Color Doppler mode was activated and the renal arteries were drawn and localized on the screen by their color-coded blood flow. The configuration selected for color Doppler ultrasound acquisition involved a frequency emission of 6.7 MHz, a pulsed repetition frequency set at 3.5 kHz, a frame rate of 37.8 frames/s, and a low velocity rejection of 1.65 cm/s. A pulsed Doppler sample gate was placed on the longitudinal axis of the right renal artery as close as possible to the emergence of the aorta, and the pulsed Doppler spectrum was recorded. The configuration used for Doppler ultrasound acquisition was a frequency emission of 6.7 MHz, a pulsed repetition frequency set between 4.3 and 10.8 kHz, a sample volume of 1 mm 3 , and a low velocity rejection of 0.6 cm/s. The minimum detectable velocity was about 1 cm/s and the maximum between 50 and 125 cm/s, consistent with blood flow in peripheral arterial vessels. The ultrasound beam width of the pulsed Doppler was small enough (1.1 mm) to ensure that flow from neighboring vessels did not interfere with measurements focused on the renal artery. Indeed, neighboring vessels of the mesenteric artery were not localized by color Doppler ultrasound; the distance between the 2 arteries was larger than the volume of measurement of the Doppler sample. Peak systolic and end-diastolic blood-flow volume (BFV) waveforms were measured from the pulsed Doppler spectrum of the renal artery by placing calipers on the screen. Time-averaged mean BFV was measured by redrawing the blue line drawn on the Doppler spectrum. BFV was measured with correction of the angle between the long axis of each vessel and the Doppler beam. The steering mode of the Doppler beam helped to avoid the need to use angle correction greater than 10°. Kidney size and BFV were measured by the same investigator, and the mean of 3 measurements was used for calculations.
Two series of paired measurements separated by 2-minute intervals were compared, and the relative (positive or negative) differences (Di) between each pair of measures were calculated. The agreement between these 2 measurements was estimated as the mean and the SD of the Di. Repeatability of BFV measurements was investigated in 25 mice by calculation of the repeatability coefficient (RC) with the following formula: RC 2 = ΣDi 2 /N, where N is the sample size. This coefficient is the SD of the estimated difference between 2 repeated measurements. The RC values for intraobserver repeatability were 110 to 120 μm for the height and width of the kidneys, 1.5 cm/s for the systolic BFV, 1.7 cm/s for the end-diastolic BFV, and 1.7 cm/s for the mean BFV for the right renal artery; these values were not significantly different from zero.
Calculation of CO. A parasternal long-axis B-mode image of the chest allowed measurement of the pulmonary artery diameter. The imaging depth was set at 1.5 to 2 cm when the zoom was used, and frame rate was 49.5 frames/s. A pulsed Doppler sample was then placed on the longitudinal axis of the pulmonary artery and the spatial flow profile recorded. The configuration used for Doppler ultrasound acquisition involved a frequency emission of 6.7 MHz, a pulsed repetition frequency set at 10.5 kHz, a sample volume of 1 mm 3 , and a low velocity rejection of 0.6 cm/s. The minimum detectable velocity was about 1 cm/s, and the maximum was 120 cm/s. Time-averaged mean BFV was measured from the pulsed Doppler spectrum by redrawing the blue line drawn on the Doppler spectrum. BFV was measured with correction of the angle between the long axis of each vessel and the Doppler beam. The steering mode of the Doppler beam helped to avoid having to use an angle correction greater than 10°. CO was calculated with the following formula:
where CO is expressed in ml/min, Vmean is the time-averaged mean BFV in cm/s, and Dpa is the pulmonary artery diameter in cm.
The RC values for intraobserver repeatability were 110 to 120 μm for the pulmonary artery diameter, 4 cm/s for the systolic BFV, and 1.9 cm/s for the mean BFV in the pulmonary artery; these values were significantly different from zero. Moreover, this noninvasive approach was compared with an invasive in situ measurement of renal blood flow (Supplemental Methods and Supplemental Figure 3 ).
Histopathology and immunochemistry
All mice were dissected, and samples of bone marrow, spleen, lung, and kidney were collected from all animals. Each organ was cut into 2 parts, one being immediately frozen in liquid nitrogen and the other fixed in formalin and embedded in paraffin. Multiple (at least 5) 3-μm whole-mount sections were obtained from each paraffin-embedded organ sample and were stained with H&E, Masson trichrome, and May-Grünwald-Giemsa. Two pathologists independently and blindly evaluated the tissue architecture and changes for WT mice under hypoxia and SAD mice under hypoxia with or without bosentan. The pathological criteria for quantification of the changes in vessels were as previously described (20) . Tissue abnormalities in SAD mice exposed to H/R-sickled rbcs were visible in fixed sections of bone marrow and spleen. Microvascular occlusions and secondary endorgan pathology were observed in the spleen, lung, kidney, and liver of Hb SAD mice. The pathological findings detected included congestive splenomegaly, pulmonary congestion with hemorrhage, thrombosis and fibrosis, renal vascular congestion, extramedullary hematopoiesis in the liver, systemic hemosiderosis, and priapism.
Lungs were removed from mice; one lung was immediately frozen in liquid nitrogen and the other was fixed in formalin and embedded in paraffin. At least five 3-μm whole-mount sections were obtained from each paraffinembedded lung and were stained with H&E, Masson trichrome, and MayGrünwald-Giemsa. Two pathologists independently and blindly assessed tissue architecture and changes in WT mice under hypoxia and SAD mice under hypoxia with or without bosentan treatment. The pathological criteria used for quantification of the changes in vessels and bronchi have been described previously (20) . Bronchoalveolar lavage fluids were collected by instilling and withdrawing 5 ml of sterile PBS 4 times through an intratracheal cannula. Cells were recovered by centrifugation and counted by microcytometry. The percentage of neutrophils was determined after cytospin centrifugation, fixation, and staining (20) . Microvascular congestion of formalin-fixed, paraffin-embedded kidneys was assessed after Masson trichrome staining. Glomerular tufts of at least 20 glomeruli per mouse were manually defined. Glomeruli were randomly selected in a series of images of the renal cortex. To ensure that similar positions in the different animals were analyzed, the outer edge of each square wide field (acquired with a ×20 objective and DP70 Olympus digital camera) was systematically set tangent to the renal capsule in sagittal sections of the kidneys; thus, equivalent proportions of superficial and deep glomeruli were studied in each condition. High signal-to-background epifluorescence emanating specifically from rbcs was obtained by illuminating Masson trichrome-stained sections and collecting emitted fluorescence through a standard fluorescent filter for rhodamine (Olympus). The rbc relative area was measured by image analysis with ImageJ software (NIH) after thresholding for the color corresponding to entrapped rbcs. A different pathologist blind to the experimental conditions evaluated the proportion of congested glomeruli by counting the number of congested and noncongested glomeruli among 50 glomeruli/Masson trichrome-stained kidney section. Staining for nitrotyrosine was carried out with a rabbit anti-nitrotyrosine IgG (Upstate) and processed in a NexES IHC automated immunohistochemistry slide-staining system (Ventana).
Hematological parameters and immunoblot analysis
The hematological parameters were measured as described previously (18, 19) . Density distribution curves were obtained according to the method of Danon and Marikovsky (18, 19) . Density values defined in relationship to the most dense 20% of cells (D20) were determined for each curve. The remaining cells were washed 4 more times with choline washing solution (172 mM choline chloride, 1 mM MgCl2, and 10 mM Tris-MOPS, pH 7.4 at 4°C) for measurement of internal Na + and K + content by atomic absorption spectrometry.
Endothelin B receptor protein was assayed by immunoblot analysis using specific antibody against endothelin B receptor (Capralogics Inc.) in red cells prepared as previously described (53); anti-actin (Sigma-Aldrich) was used as the loading control.
MPO activity assay
MPO is abundant in neutrophils and was assessed as an index of activation of neutrophils in kidneys and lungs. MPO acts as a hydrogen peroxide (H2O2) oxidoreductase. MPO activity was measured as described previously with modifications (54) . Frozen kidney samples were homogenized twice in a hexadecyltrimethylammonium bromide (HDTB) buffer (13.7 mM HDTB with 50 mM K + phosphate buffer, pH 6) (Sigma-Aldrich). The samples were centrifuged for 1 hour at 14,000 g, and the supernatant was collected and stored at -20°C. The reaction buffer was 50 mM KH2PO4 at pH 6 with 0.68 mM O-dianisidine and 29 mM H2O2. MPO catalyzed the production of oxygen radicals (O -) and water from the H2O2 in the buffer. The oxygen radical combined with O-dianisidine dihydrochloride, which was converted to a colored compound and its absorbance measured with a spectrophotometer at 460 nm. MPO activity was measured over a period of 15 minutes and was expressed in OD/min/mg protein.
Statistics
A 2-way ANOVA followed by 2-tailed Fisher's exact test was used to compare various measurements (body weight, heart rate, CO, peak systolic BFV, enddiastolic BFV, and mean BFV in the renal arteries) in SAD mice with those in the control group before and after hypoxic exposure. The 2-tailed Wilcoxon's matched-pair signed-rank test was used to evaluate the effect of acute infusion of bosentan in each individual mouse. Nonparametric Kruskal-Wallis ANOVA and analysis by the 2-tailed Mann-Whitney test were used for other cases.
Survival curves were calculated according to the Mantel-Haenszel method with Prism software (GraphPad). Results are expressed as means ± SEM. A P value of less than 0.05 was considered statistically significant.
